The local measurement of H 0 is in tension with the prediction of ΛCDM model based on the Planck data. This tension may imply that dark energy is strengthened in the late-time Universe. We employ the latest cosmological observations on CMB, BAO, LSS, SNe, H(z) and H 0 to constrain several interacting dark energy models. Our results show no significant indications for the interaction between dark energy and dark matter. The H 0 tension can be moderately alleviated, but not totally released.
INTRODUCTION
The Hubble parameter H brings important information of our Universe. It is dynamically determined by the Friedmann equations, and then evolves with cosmological redshift. The evolution of Hubble parameter is closely related with the cosmic inventories, including radiations, baryon, cold dark matter, and dark energy, or even other exotic components in the Universe. Further, it may be impacted by some interactions between these inventories. Thus one can spy upon the evolution of the Universe by measuring the Hubble parameter. Measuring H0 could give a stringent test of the standard cosmological model, or provide evidence for some new physics beyond the standard model.
The Hubble constant H0, today's Hubble parameter with redshift z = 0, has been precisely measured by many approaches. For instance, the Planck Collaboration (Ade et al. 2015) have obtained a severe constraint on H0 by observing the cosmic microwave background (CMB) which is formed in a large redshift z 1090. This constraint is given by H0 = 67.27 ± 0.66 km/s/Mpc in the framework of base ΛCDM model. Here the 1σ uncertainty has been reduced to a 1% level. With 300 supernovae of type Ia (SNe Ia) at z < 0.15, recently, the Hubble constant H0 has been locally determined to be 73.02 ± 1.79 km/s/Mpc by using the Wide Field Camera 3 (WFC3) on the Hubble Space Telescope (HST) (Riess et al. 2016) . The 1σ uncertainty of H0 has been reduced from 3.3% to 2.4%. However, this value of local H0 measurement is 3σ higher than 67.27 ± 0.66 km/s/Mpc, which is predicted by the base ΛCDM model according to E-mail: xiadm@cqu.edu.cn † E-mail: physics0911@163.com the Planck CMB data (Ade et al. 2015) . In other words, there is a tension between these two measurements.
The H0 tension might imply some underlying new physics, if it does not arise from some unknown systematic uncertainties. The CMB observations are sensitive to the physics at the last-scattering surface with redshift z ∼ 10 3 . By contrast, the local H0 measurement is just sensitive to the late-time physics with redshift z < 0.15. To resolve the H0 tension, one possible way is to introducing the interaction between cold dark matter and dark energy. The cold dark matter could be converted into the dark energy with the evolution of the Universe. Thus the dark energy will be strengthened in the late-time Universe, and then more efficiently drive the cosmic accelerating expansion. Actually, several papers (Salvatelli et al. 2014; Sola et al. 2015 Sola et al. , 2016 have provided the first and strong indication of interaction in the dark sector recently.
In this paper, we will study several interacting dark energy (IDE) models by using the latest cosmological observations. Our data compilation include the distance priors, the baryon acoustic oscillation (BAO), the supernovae of type Ia (SNe), the large-scale structure (LSS), the Hubble parameter H(z), and the local H0 measurement. The distance priors were subtracted by Huang, Wang & Wang (2015) with the Planck CMB data released in 2015. The BAO data include 6dFGS (Beutler et al. 2011) , SDSS MGS (Ross et al. 2015) , and WiggleZ (Kazin et al. 2014) . The LSS data include the anisotropic clustering of LOWZ and CMASS galaxies (Gil-Marin et al. 2016) . The SNe data refers to the "Joint Lightcurve Analysis" (JLA) compilation (Betoule et al. 2014) . The H(z) data include 30 data points which are obtained by the differential-age techniques applied to passively evolving galaxies (Zhang et Moresco et al. 2012 Moresco et al. , 2016 Moresco 2015) . We will use our data combinations to make updated constraints on the interaction between dark sectors. In addition, we will show whether the H0 tension could be reconciled in the framework of IDE models.
The rest of the paper is arranged as follows. In section 2, we induce the IDE models briefly. In section 3, the data sets are introduced, together with the method of data analysis. Our constraints on the IDE models are listed in section 4. Conclusion is given in section 5.
INTERACTING DARK ENERGY MODELS
We consider the spatially flat Universe in this study. The Friedmann's equation is given by3M 2 p H 2 = ρ de + ρc + ρ b + ρr, where H = d ln a/dt is the Hubble parameter, Mp = 1/ √ 8πG denotes the reduced Planck mass, and ρ de , ρc, ρ b and ρr denote the energy densities of dark energy, cold dark matter, baryon, and radiations, respectively. We can define the dimensionless Hubble parameter E(z) = H(z)/H0, which satisfies
Here Ω de0 , Ωc0, Ω b0 and Ωr0 denote today's energy-density fractions of dark energy, cold dark matter, baryon and radiations, respectively. We have ρ b = ρ b0 (1 + z) 3 , and ρr = ρr0(1+z)
4 . Once the equation of state (w) of dark energy and the interaction between dark sectors are assumed, ρ de and ρc can be also expressed in terms of z. In addition, we have Ωr0 = Ωγ0(1 + 0.2271N ef f ) where Ωγ0 = 2.469 × 10 −5 h −2 , N ef f = 3.046, and H0 = 100h km/s/Mpc. Thus the free parameters are H0, Ω b0 , Ωc0, w, and an interaction parameter. One should note that Ω de0 is a derived parameter, since we have a relation Ω de0 + Ωm0 + Ωr0 = 1. Here we denote Ωm0 = Ωc0 + Ω b0 .
We consider the interaction between dark energy and cold dark matter. The dynamical equations of dark energy and cold dark matter are given by
where Q denotes an interaction term. The above two equations can be rewritten as
(
where we have used the equation of state of dark energy, i.e. w = p/ρ, and noticed relations z = a −1 − 1 and
The interaction term Q determines the energy transfer rate between dark energy and cold dark matter. However, its specific form is still an open question. One should assume certain possible forms of Q to study the issue of interaction between dark sectors. The following three forms were usually considered, see (Amendola et 
where γ denotes a dimensionless coupling parameter. One should note that the model with Q0 denotes no interaction between dark sectors. Usually, the above three models are denoted by wCDM model, IwCDM1 model and IwCDM2 model, respectively. Particularly, we are interested in some one-parameter generalizations of ΛCDM model. We will study the IDE models with w = −1, which are called IΛCDM1 model and IΛCDM2 model, respectively. Once the interaction term Q is determined, one can solve (4) and (5) to finally obtain E(z) in (1). For the wCDM model, we deduce E(z) of the form
since there is no interaction between dark sectors. In the case of w = −1, we recover the ΛCDM model. For the IwCDM1 model, we deduce E(z) of the form
since (4) has a solution ρ de = ρ de0 (1 + z) 3(1+w+γ) . For the IwCDM2 model, we deduce E(z) of the form
(1 + z)
since (5) has a solution ρc = ρc0(1 + z) 3(1−γ) . One should let w = −1 in the above two expressions, if he wants to study IΛCDM1 model and IΛCDM2 model.
DATA AND METHODOLOGY
In this study, we will use the latest CMB, BAO and H0 data to constrain the IDE coupling parameter γ together with other cosmological parameters. Both the physics of CMB and BAO are well understood, and the systematic uncertainties are under control. Recently, the local value of the Hubble constant H0 has been determined to 2.4% level. However, this value has tension with the prediction of ΛCDM model which is based on the CMB observations. In this paper, we will show that this tension will disappear in some IDE models. In other words, the H0 data, combined with CMB and BAO, will give a good constraint on the IDE coupling parameter γ.
For the CMB data, we use the distance priors which are obtained from the Planck data release 2015. One denotes the comoving distance to the last-scattering surface by r(z * ), and the comoving sound horizon at the last-scattering epoch by rs(z * ). Then the distance priors are given by these two distance scales through lA = πr(z * )/rs(z * ) and R = r(z * ) Ωm0H well. Here the comoving distance to the redshift z is defined by r(z) = H
, for the spatially flat Universe. The comoving sound horizon to the last-scattering surface is given by rs(z * ) = H
Here the fitting formula of z * is given by z * = 1048 1 + 0.00124ω (Hu & Sugiyama 1996) , where we have g1 = 0.0783ω ). By using the Planck TT,TE,EE+lowP data, recently, the distance priors were subtracted by Huang, Wang & Wang (2015) . They are listed in Table 1 , together with their normalized covariance matrix N ormCovCMB(pi, pj) where i = 1, 2, 3. The covariance matrix can be obtained via CovCMB(pi, pj) = σ(pi)σ(pj)N ormCovCMB(pi, pj). The χ For the BAO data, we use the isotropic BAO estimator rs(z d )/DV (z) of 6dFGS at an effective redshift z 6dF GS = 0.106 (Beutler et al. 2011) and SDSS MGS at zMGS = 0.15 (Ross et al. 2015) , and WiggleZ at z W iggleZ = 0.44, 0.6, 0.73 (Kazin et al. 2014) . We take into account the correlations among the WiggleZ data points. Here rs(z d ) denotes the comoving sound horizon at the baryon-drag epoch z d , and
is the angular diameter distance. The BAO distance measurements can help to break the geometric degeneracy. The χ 2 of the BAO data is denoted by χ 2 BAO . For the LSS data, we refer to the anisotropic clustering of LOWZ and CMASS galaxies (Gil-Marin et al. 2016) , which contain the geometric information from the AlcockPaczynski (AP) effect (Alcock & Paczynski 1979) . The LOWZ sample is located at an effective redshift zLOWZ = 0.32, and the CMASS sample at zCMASS = 0.57. The AP effect is sensitive to FAP (z) = (1 + z)DA(z)H(z). The anisotropic BAO estimators are given by DA(z)/rs(z d ) and H(z)rs(z d ). They contain the information of DV /rs(z d ) and FAP simultaneously. We will use the data of DA/rs(z d ) and Hrs(z d ) together with their covariance matrix. The LSS data may further break the geometric degeneracy. Here the χ 2 of the LSS data is denoted by χ 2 LSS . For the SNe data, we use the JLA compilation (Betoule et al. 2014) . Theoretically, the luminosity distance at redshift z is given by DL(z) = (1 + z)r(z). For the JLA, the luminosity distance of a supernova is DL(z hel , z cmb ) = (1+z hel )r(z cmb ), where z cmb and z hel denote the CMB frame redshift and the heliocentric redshift, respectively. The dis- tance modulus is defined as µ = 5 log 10 DL/10pc. The χ 2 SN e of the JLA SNe is given by χ 2 SN e = (µ obs − µ th ) † C −1 (µ obs − µ th ), where C is a covariance matrix.
For the H(z) data, we use 30 data points listed in Table 2. They are obtained by the differential-age techniques applied to passively evolving galaxies (Zhang et al. 2014; Jimenez et al. 2003; Simon, Verde & Jimenez 2005; Stern et al. 2010; Moresco et al. 2012 Moresco et al. , 2016 Moresco 2015) , and then there are no correlations with the BAO data. The χ 2 H(z) of the H(z) data is given by χ 2
, where H(z) is the theoretical Hubble parameter, H obs (z) and σ H(z) are the observed Hubble parameter and its 1σ uncertainty, respectively.
Recently the uncertainty of the local value of the Hubble constant has been reduced from 3.3% to 2.4% by using the WFC3 on the HST. The best estimate of H0 is given by (Riess et al. 2016 )
at 1σ confidence level. This value is in tension with the ΛCDM prediction which is based on the CMB observa-tions. For example, it is 3.0σ higher than the 67.27 ± 0.66 km s −1 Mpc −1 which is predicted by the base ΛCDM model and Planck CMB data (Ade et al. 2015) . In this study, we try to resolve this tension in the framework of IDE models. The χ is the mean value of local H0. The distance priors are sensitive to the physics with the redshift z ∼ 10 3 . By contrast, the H0 observation is corresponded to the late-time physics z < 0.15. In other words, a higher value of local H0 may reveal that the dark energy is strengthened in the late-time Universe.
We employ the Cosmological Monte Carlo (CosmoMC) sampler (Lewis & Bridle 2002) to estimate the parameter space of the IDE models. The Gelman and Rubin criterion is set by R − 1 = 0.01 to ensure the statistical convergence. We use the data combination CMB+BAO+SNe+LSS+H(z)+H0 in this study. The joint likelihood is given by L ∝ e −χ 2 /2 , where
For the wCDM model, the parameter space is spanned by {Ωc0, Ω b0 , H0, w}. For the IwCDM models, the parameter space is spanned by {Ωc0, Ω b0 , H0, w, γ}. Here Ω de0 is a derived parameter. In addition, we also consider the IΛCDM models for which w = −1, and the parameter space spanned by {Ωc0, Ω b0 , H0, γ}. One should note that Ω de0 is a derived parameter.
We employ the Deviance Information Criterion (DIC) to judge either a model M1 or a model M2 is preferred by a given data set D. To describe the goodness of fit, as mentioned above, we calculate χ 2 (p) = −2 ln L(D|p, Mi) where p denotes a set of parameters of the model Mi. The mean goodness of fit is given by χ 2 = −2 ln L . Spiegelhalter et al. (2002) define the DIC as DIC(Mi) = χ 2 + pD, where pD denotes the Bayesian complexity describing the effective complexity of the model. The Bayesian complexity is defined by pD = χ 2 − χ 2 (p), wherep is the maximum likelihood point in the parameter space. A lower DIC implies either the model fits the data better (a lower χ 2 ) or the model has less complexity. We refer to the difference between the DICs of two models, namely, ∆DIC = DIC(M1) − DIC(M2). If ∆DIC = 0, neither model is preferred by the data. If 0 < ∆DIC < 2, the data indicates no significant preference for M2. If 2 < ∆DIC < 6, there is a positive preference for M2. If ∆DIC > 6, the preference is strong. By contrast, the negative values mean that the data prefers M1.
RESULTS
Our constraints on cosmological parameters are summarized in Table 3 for the ΛCDM model and two IΛCDM models. For the ΛCDM model, the best-fit value of H0, i.e. H0 = 68.75 ± 0.49 km/s/Mpc, is much lower than the local value of H0 by 2.4σ. Similar situations are showed for both IΛCDM models. The dimensionless coupling parameter γ is consistent with zero for both IΛCDM models. By contrast to the ΛCDM model, the data combination prefer neither the IΛCDM1 model nor the IΛCDM2 model. For both IΛCDM models, the minimum χ 2 are similar to that of the ΛCDM model, but their DIC are larger than that of Table 3 . Constraints on the free parameters of ΛCDM, IΛCDM1, and IΛCDM2 models. The derived parameter Ω de0 and the bestfit χ 2 are also listed here, as well as the DIC. The dimension of H 0 is km s −1 Mpc −1 . Table 4 . Constraints on the free parameters of wCDM, IwCDM1, and IwCDM2 models. The derived parameter Ω de0 and the bestfit χ 2 are also listed here, as well as the DIC. The dimension of H 0 is km s −1 Mpc −1 .
the ΛCDM model. The data combination show a preference for the ΛCDM model. Our constraints on cosmological parameters are summarized in Table 4 for the wCDM model and two IwCDM models. The data combination prefers w < −1 at the 1.4σ level, namely, we have w = −1.055 ± 0.039. However, the best-fit value of H0, i.e. H0 = 69.88 ± 0.90 km/s/Mpc, is still lower than the local value of H0 by 1.75σ. By contrast to the ΛCDM model, the H0 tension is slightly alleviated in the wCDM model, but not enough. Based on ∆DIC = DICwCDM − DICΛCDM = −0.93, we find that there is no significant preference for the wCDM model. In addition, the wCDM model fits the data better than the ΛCDM model, since the minimum χ 2 is reduced by 1.88. By contrast to the wCDM model, the H0 tension is still remained in the IwCDM1 model, even though we consider the interaction effect between the dark sector. We obtain H0 = 69.87 ± 0.98 km/s/Mpc which is lower than the local H0 measurement by 1.76σ. The best-fit value of w, i.e. w = −1.064±0.053, is also smaller than −1 at the 1.2σ level. The dimensionless coupling parameter, i.e. γ = −0.0014±0.0051, is consistent with zero. In this model, the minimum χ 2 is is smaller by 1.71 than that of the ΛCDM model. However, the DIC becomes larger by 1.62. Thus this model is not significantly preferred by the data, even though it fits the data better. For the IwCDM2 model, the best-fit value of H0, i.e. H0 = 70.65 ± 1.23 km/s/Mpc, is lower than the local H0 measurement by 1.3σ. The H0 tension is moderately alleviated in this model. The best-fit value of w, i.e. w = −1.071 ± 0.043, is smaller than −1 by around 1.7σ. The dimensionless coupling parameter, i.e. γ = −0.0015 ± 0.0016, which is consistent with zero within 1σ. By contrast to the ΛCDM model, the χ 2 for the IwCDM2 model becomes smaller by 2.74. Since the DIC becomes larger by 0.36, there is no significant preference for the IwCDM2 model.
To directly show how the wCDM model alleviates the H0 tension, we plot the marginalized distribution contour of H0 and w in Figure 1 . We find that H0 is strongly anticorrelated with w in the H0-w plane. Thus a higher value of H0 can be accounted by a smaller value of w. To reveal how the local H0 data constrains the IwCDM models, we plot the marginalized distribution contours and the likelihood distributions of H0, w, and γ in Figure 2 . Similar to the wCDM model, H0 is also anti-correlated with w in both IwCDM models. It is further anti-correlated with γ. This means that a higher value of H0 requires more energy density flowing from cold dark matter to dark energy. Unfortunately, both IwCDM models can not totally resolve the H0 tension, but just alleviate.
Our above results can be compared with recent results obtained by other authors. For instance, Costa et al. (2016) made updated constraints for IwCDM1 and IwCDM2 by using the Planck+BAO+SNIa+RSD+H0 data. In this paragraph, Planck denotes Planck 2015 CMB data instead of the distance priors; BAO denotes the isotropic 6dFGS, MGS, BOSS DR11 LOWZ and CMASS; the value of H0 is lower than the report of Riess et al. (2016) . The authors found the interaction between dark sectors strongly suppressed. This is compatible with our result in this study. Murgia, Gariazzo & Fornengo (2016) made updated constraints for the IwCDM1 model with two sets of priors of parameters by using the Planck+BAO+SNIa+RSD+gravitational lensing data. By assuming that dark matter decays into dark energy, the tension with the independent determinations of H0 and σ increases. When dark matter is fed by dark energy, the tension can be nicely released. Nunes, Pan & Saridakis (2016) made updated constraints for the IwCDM2 model by using the Cosmic chronometers+Planck+BAO+SNIa+H0 data. Here the H0 data comes from Riess et al. (2016) . The authors found that the direct between interaction between dark sectors is mildly favored, while the EoS of dark energy is w < −1 at the 3σ level. This is different from our result that w < −1 at the 1.7σ level.
CONCLUSION
The cosmological observations have provided us highly precise data. Recently, the local measurement showed a higher value of H0 than the prediction of ΛCDM model based on the CMB data. This fact might reveal either some tensions exist between the local H0 measurement and the CMB observations, or there is underlying new physics. For example, dark energy may be strengthened in the late-time Universe. In this paper, we explored several IDE models with the latest cosmological observations including the data of CMB, BAO, LSS, SNe, H(z) and H0. In the IDE models, the interaction between dark sectors may strengthen dark energy. This fact could help to reconcile the H0 tension.
Our results showed that the local value of H0 is still in tension with two IΛCDM models considered in this study. However, the wCDM model can slightly alleviate this tension. The higher value of local H0 implies a more negative value of w. We obtained w = −1.055 ± 0.039 in this case. The interaction between dark sectors could further re-lease the H0 tension. The data combination provided severe constraints on the interacting coupling parameter γ in two IwCDM models. We obtained w = −1.064 ± 0.053 and γ = −0.0014 ± 0.0051 for the IwCDM1 model, and w = −1.071 ± 0.043 and γ = −0.0015 ± 0.0016 for the IwCDM2 model. Therefore, we found no significant preference for the interaction between dark energy and dark matter.
